In land plant organelles, many transcripts are modified by cytidine to uridine RNA editing. Target cytidines are specifically recognized by nuclear-encoded pentatricopeptide repeat (PPR) proteins via their sequence-specific RNAbinding motifs. In the moss Physcomitrella patens, all PPR editing factors have C-terminal E and DYW domains. To examine the contribution of E and DYW domains in RNA editing, we performed a complementation assay using mutated PpPPR_56 and PpPPR_71, which are responsible for mitochondrial editing sites. This assay showed that both E and DYW domains are required for RNA editing at the target sites, and that the conserved zinc-binding signature and the terminal triplet of the DYW domain are essential for editing. In addition, DYW domain-swapping experiments demonstrated that DYW domains are functionally different between PpPPR_56 and other mitochondrial PPR editing factors, and that residues 37-42 of the DYW domain are involved in sitespecific editing. Our results suggest that PPR-DYW proteins specifically recognize their target editing sites via PPR motifs and the DYW domain.
Introduction
RNA editing, converting specific cytidines (C) to uridines (U), is a major post-transcriptional regulation to correct genetic information at the RNA level in mitochondria and chloroplasts of land plants (Takenaka et al. 2013b, Ichinose and Sugita 2017) . The frequency of RNA editing in organelles varies greatly in vascular plants, as there are several hundred editing sites in flowering plants (Bentolila et al. 2013 ) and thousands of editing sites in lycophytes (Hecht et al. 2011 , Oldenkott et al. 2014 . On the other hand, RNA editing rarely occurs in the non-vascular moss Physcomitrella patens, as only two editing sites have been reported in chloroplasts (Miyata and Sugita 2004) and 11 sites in mitochondria (Rüdinger et al. 2009 .
Many pentatricopeptide repeat (PPR) proteins have been identified as site recognition factors for RNA editing at target sites in mitochondria and chloroplasts (Takenaka et al. 2013b, Barkan and . In addition, recent studies revealed that non-PPR proteins, such as multiple organellar RNA editing factor/RNA editing factor-interacting proteins (MORF/RIPs), broadly affect RNA editing at multiple sites (Bentolila et al. 2012 , Takenaka et al. 2012 , Bentolila et al. 2013 , although these are not likely to be site recognition factors for RNA editing. PPR proteins are characterized by tandem arrays of the degenerate 31-36 amino acid PPR motif that folds into a pair of antiparallel a-helices, which have been proposed to bind to specific RNA sequences (Barkan et al. 2012 , Takenaka et al. 2013a , Yin et al. 2013 , Sun et al. 2016 . PPR proteins are divided into P and PLS classes depending on their PPR motifs (Lurin et al. 2004 , Cheng et al. 2016 . Known PPR editing factors are members of the PLS class, which have characteristic C-terminal E or E-DYW domains (PPR-E or PPR-DYW). The PPR tract binds in a sequence-specific manner to approximately 20 nucleotides immediately upstream of target editing sites (Takenaka et al. 2013b, Barkan and . While the function of the E domain (consisting of two PPR-like motifs) remains unclear, the DYW domain has been proposed to be a catalytic domain for C to U RNA editing, as DYW domains contain a highly conserved canonical zinc-binding motif, HxEx n CxxC, and its putative secondary structure resembles cytidine deaminase (Salone et al. 2007 , Iyer et al. 2011 . A recent study demonstrated that the HxEx n CxxC signature of Arabidopsis thaliana DYW1 is required for both zinc binding and RNA editing (Boussardon et al. 2014) . However, RNA deamination activity of the DYW domain has not been demonstrated Sugita 2008, Okuda et al. 2009) , and the DYW domains of CRR22 and CRR28 editing factors were dispensable for RNA editing in vivo (Okuda et al. 2009 ). These observations further accentuate the current ambiguity of the role of the DYW domain.
The moss P. patens has 10 PPR-DYW proteins, nine of which have been assigned as required for all 13 editing events (Ohtani Plant Cell Physiol. 59(8): 1652 -1659 (2018 Tasaki et al. 2010 , Rüdinger et al. 2011 , Uchida et al. 2011 , Ichinose et al. 2013 , Schallenberg-Rüdinger et al. 2013 , Ichinose et al. 2014 ). Thus, P. patens is the first organism with a complete set of PPR editing factors for all organellar editing sites. Among the nine PPR editing factors, PpPPR_56 is involved in RNA editing of two sites (nad3-C230 and nad4-C272) and PpPPR_71 is responsible for RNA editing of one site (ccmF C -C122) in mitochondrial transcripts (Ohtani et al. 2010 . Although a PPR tract might be essential for editing site recognition, it is not known whether and how E and DYW domains recognize or specify target editing sites. To address this question, we performed an in vivo complementation assay using deleted or mutated PpPPR_56 and PpPPR_71. By using chimeric PPR-DYW protein versions in which E, DYW or both domains were replaced by other P. patens PPR editing factors, we demonstrated that DYW domains are essential for RNA editing and discriminate target and non-target editing sites.
Results
Both E and DYW domains of PpPPR_56 and 71 are required for RNA editing All P. patens PPR editing factors have E and DYW domains. To investigate whether both domains are required for RNA editing, we performed a complementation assay using previously generated knockout (KO) lines of PpPPR_56 and PpPPR_71 (Ohtani et al. 2010 . PpPPR_56 KO (Á56-22) showed impaired RNA editing of two sites, nad3-C230 and nad4-C272, and PpPPR_71 KO (Á71 6-11) completely lost editing at the ccmF C -C122 site (Fig. 1) . In this study, we adopted the definition of C-terminal E and DYW domains of Lurin et al. (2004) . All transgenes in KO mosses were overexpressed under the control of the rice actin promoter. We analyzed at least two independent transgenic lines per construct, and the expression of transgenes was verified by reverse transcription-PCR (RT-PCR) (Supplementary Table S1 ).
We transformed full-length (FL) or truncated versions (ÁE/ DYW, ÁDYW and ÁE) of PpPPR_56 or PpPPR_71 into the respective KO moss backgrounds (Fig. 1A) . RNA editing was fully rescued to the wild-type levels in the lines complemented with the FL version (56FL and 71FL), whereas C to U conversion was not detected at any of the target sites in transformants with E and/or DYW domain-truncated versions (Fig. 1B) . These results indicated that both E and DYW domains of PpPPR_56 and PpPPR_71 are indispensable for RNA editing at their target sites.
The E and DYW domains of PpPPR_56 and 71 are not mutually exchangeable for RNA editing
To investigate further the role of E and DYW domains in RNA editing at specific sites, we designed a chimeric PpPPR_56 gene in which the E and/or DYW domains were replaced by those of PpPPR_71: 56PPR + 71E/71DYW, 56PPR + 71E/56DYW and 56PPR-E + 71DYW (Supplementary Fig. S1A ). These chimeric constructs were transformed into the PpPPR_56 KO line (Á56-22). Again, the complemented mosses transformed with the 56FL construct restored RNA editing at nad3-C230 and nad4-C272 sites, whereas transformants with the respective chimeric PpPPR_56 gene did not restore editing at these sites ( Table 1 ; Supplementary Fig. S1B ). This suggested that the E and DYW domains of PpPPR_56 and 71 are not compatible with each other for RNA editing, and their functions might differ between PpPPR_56 and PpPPR_71.
The HxEx n CxxC motif and C-terminal DYW triplet are essential for RNA editing
The DYW domains of PpPPR_56 and PpPPR_71 contain the zinc-binding signature HxEx n CxxC and the C-terminal aspartate (D)-tyrosine (Y)-tryptophan (W) triplet. To investigate their roles in RNA editing, we generated transgenic lines with mutated DYW domains in which the HxEx n CxxC signature was changed to AxAx n CxxC (56M1 and 71M1) and HxEx n AxxA (56M2 and 71M2), and the C-terminal DYW triplet was deleted in 56M3 and 71M3 lines ( Fig. 2A) . The RNA editing of the cognate sites was not restored in all three mutant lines (Fig. 2B ). This indicated that the zinc-binding signature and the DYW triplet of PpPPR_56 and PpPPR_71 are essential for RNA editing.
DYW domains discriminate target and non-target sites in RNA editing
To investigate whether the DYW domain of other PPR-DYW editing factors is compatible with that of PpPPR_56, we further generated chimeric PpPPR_56 genes in which the DYW domain was replaced by that of other P. patens PPR-DYW editing factors ( Supplementary Fig. S2 ). Fusion genes were inserted by three nucleotides (TCG coding for serine) between the E and DYW domains, due to technical reasons for the construction of chimeric genes. This insertion did not affect RNA editing as verified by using a self-fusion construct (56PPR-E + 56DYW; Supplementary Fig. S2 ). The PpPPR_56 fused to the DYW domain of PpPPR_45 (56PPR-E + 45DYW) showed complete editing of nad4-C272 and partial editing of nad3-C230 (Table 1 ; Supplementary Fig. S2 ). In contrast, none of the other chimeric PPRs complemented editing defects at both sites. To verify whether the DYW domain of PpPPR_45 was functionally interchangeable with any other DYW domains, fusion constructs of PpPPR_71 with the DYW domain swapped with that of PpPPR_45, 56 and 77 were introduced into the PpPPR_71 KO line. However, RNA editing at ccmF C -C122 was not restored in any of the transgenic lines ( Table 1 ; Supplementary Fig. S3 ).
The central portion of the DYW domain is involved in target site specificity
As shown in the swapping experiments (Supplementary Figs. S1-S3), the DYW domain of each PPR editing factor can be considered to act toward its target editing sites only. To investigate this hypothesis, and which region of the DYW domain is involved in such editing site specificity, the DYW domain (95 amino acids) of PpPPR_56 was divided into three parts (dywA, residues 1-22; dywB, 23-61; and dywC, 62-95) and each part was swapped with the cognate region of the DYW domain in PpPPR_71 (Fig. 3A) . These constructs were transformed into the PpPPR_56 KO moss. Six independent 56PPR-E-r71dywA lines exhibited approximately 70% and 90% RNA editing at nad3-C230 and nad4-C272, respectively (Fig. 3B, D) . Similarly, RNA editing was partially restored to 35% at nad3-C230 and to 50% at nad4-C272 in the six independent 56PPR-E-r71dywB Supplementary Figs. S1-S3 ). Average editing efficiencies in independent transformants are shown (n 2) and non-restoration of editing is indicated by À.
lines (Fig. 3B) . In the 56PPR-E-r71dywC lines, RNA editing at the two sites was fully restored to the wild-type level (Fig. 3B) . These results suggest that the dywB part of PpPPR_56 containing the putative zinc-binding signature includes the most critical part for specific editing at the two target sites.
To determine which part of dywB is critical for the editing role of the PpPPR_56 editing factor, we generated two constructs in which region dywB-1 (residues 23-43) or dywB-2 (residues 44-61) of the DYW domain of PpPPR_56 was replaced by that of PpPPR_71 (Fig. 3A) . The 56PPR-Er71dywB-1 construct partially complemented nad3-C230 and nad4-C272 editing at 25% and 45%, respectively, whereas the 56PPR-E-r71dywB-2 construct perfectly complemented both editing sites (Fig. 3C, D) . This suggested that the dywB-1 region is involved in the discrimination of target sites.
The dywB-1 regions of PpPPR_56 and PpPPR_71 are mismatched at nine sites (Fig. 3A) . To investigate which amino acid residues are involved in editing site discrimination, we introduced point mutations into the chimeric PpPPR_56 gene in which the DYW domain was replaced by that of PpPPR_71 (56PPR-E + 71DYW; Fig. 4A ). First, one or two amino acids of the 71DYW domain were modified to those of PpPPR_56. The 56PPR-E + 71DYW-A 23 D construct (alanine to aspartic acid substitution at residue 23 of 71DYW) did not complement the editing defect in the PpPPR_56 KO line ( Supplementary  Fig. S4 ), and none of the transformants expressing 56PPR-E + 71DYW variants with single or double amino acid replacement showed detectable RNA editing of nad3-C230 and nad4-C272 (Supplementary Fig. S4 ). Next, 56PPR-E + 71DYW-m1 and -m2 constructs were introduced into the PpPPR_56 KO background (Fig. 4A) . In 56PPR-E + 71DYW-m1 lines in which three residues (S 25 Y 26 A 34 ) of 71DYW were modified to C 25 S 26 V 34 of 56DYW (see Fig. 3A) , there was no RNA editing of the cognate sites (Fig. 4B) . On the other hand, in 56PPR-E + 71DYW-m2 lines in which five residues (V 37 L 38 S 39 L 40 S 42 ) of 71DYW were modified to L 37 M 38 H 39 T 40 P 42 of 56DYW, RNA editing was partially rescued to 15% at nad3-C230 and to 50% at nad4-C272 (Fig. 4B) . Based on these complementation assays, it is suggested that the region from residues 37 to 42 in the DYW domain is involved in the discrimination between target and non-target editing sites.
This region is well conserved across the DYW domains of P. patens editing factors, except for residues 38 and 39 (Fig. 5A) . To check whether the above result could be generalized to other editing factors, we expressed the 56PPR-E + 78DYW I 38 M/S 39 H variant, in which two amino acids of the 78DYW domain were modified to those of PpPPR_56 in 56PPR-E + 78DYW, in the PpPPR_56 KO line (Fig. 5B) . In this variant, RNA editing was partially restored as with the 56PPR-E + 71DYW-m2 variant (Fig. 5B) , suggesting that six specific residues of DYW domains, especially those at positions 38 and 39, contribute to the discrimination of target sites.
Discussion
The present study revealed that target sites could be edited through the synergistic effect of site recognition by a PPR tract and site discrimination by specific amino acid residues in the central portion of the DYW domain.
First, our complementation study demonstrated that the DYW domains of PpPPR_56 and PpPPR_71 are essential for editing at their target sites. Similarly, a recent study showed that the DYW domain of PpPPR_78 is required for efficient editing at sites rps14-C137 and cox1-C755 in P. patens (Schallenberg-Rüdinger et al. 2017) . The DYW domain of PpPPR_56 could be replaced by that of the plastid editing factor PpPPR_45, but not by that of other moss PPR editing factors. However, the DYW domain of PpPPR_71 was not interchangeable with that of PpPPR_45, PpPPR_56 or PpPPR_77. These results indicate that the recognition of target editing sites is regulated not only by PPR motifs but also by the DYW domain. Thus, as shown in the experiment swapping the DYW of PpPPR_56 and 45, some DYW domains are functionally equivalent between mitochondria and chloroplasts in P. patens.
The most interesting finding in the present study is that a six amino acid region (residues 37-42) of the DYW domain is involved in the discrimination of specific editing sites. This region is conserved between PpPPR_56 and PpPPR_45 (Fig. 5A) . Similarly, a recent study showed that the DYW domain of PpPPR_78 could be functionally replaced by that of PpPPR_79 (Schallenberg-Rüdinger et al. 2017 ; Table 1 ), and that their six amino acid sequences are identical (Fig. 5A) . Hence, how does the DYW domain discriminate its target editing sites? Previous studies showed that some DYW domains interact with its substrate RNAs , Okuda et al. 2014 and that the 5 0 -proximal region of the ciselement from -3 to 0 was bound by DYW domains (Okuda et al. 2014) . In nad3-C230 and nad4-C272 sites, these regions are distinct from that of two plastid rps14 editing sites targeted by PpPPR_45, but similar to that of the ccmF C -C122 site targeted by PpPPR_71 (Supplementary Fig. S5 ). These observations suggest that the DYW domain can recognize editing sites without sequence preference. The region from residues 37 to 42 of the DYW domain might be involved in the interaction with its specific editing site or might contribute to structural integrity to access the catalytic site to editing sites, as this region is close to one of the zinc-binding sites HxE. However, the chimeric 56DYW domains, which replaced the dywB or dywB-1 parts in the 71 DYW domain, behaved similarly to 56PPR-E + 71DYW-m2, even without residues 37-42 of the 56DYW domain (Figs. 3B, C, 4B) . Therefore, other regions might be sufficient for the specific recognition of PpPPR_56. A further study on the crystal structure of the DYW protein will help in understanding the mode of action of the DYW domain.
We also showed that mutations in the zinc-binding signature of PpPPR_56 and PpPPR_71 resulted in the complete loss of their ability to edit cognate sites. Previous studies demonstrated that DYW domains bind to zinc ions (Hayes et al. 2013 , Boussardon et al. 2014 and mutations in the zinc-binding signature of Arabidopsis DYW1 eliminate both zinc binding and RNA editing (Boussardon et al. 2014) . Our results support the hypothesis that the DYW domain catalyzes the deaminase reaction. Additionally, the highly conserved C-terminal triplet in the DYW domains of PpPPR_56 and PpPPR_71 was shown to be required for editing, which is consistent with the function of DYW1 (Boussardon et al. 2014) . The function of the DYW terminus remains unclear, although it might interact with protein(s) that have not been identified to date (Boussardon et al. 2014) .
In addition to the DYW domain, our swapping experiments showed that E domains are also essential for editing, and are not interchangeable between PpPPR_56 and PpPPR_71. Previous deletion studies demonstrated that the E domain is essential for RNA editing (Okuda et al. 2007 , Okuda et al. 2009 , Chateigner-Boutin et al. 2013 . In contrast, the E domains of A. thaliana E-type OTP70 and moss DYW-type PpPPR_43, which were identified as organellar splicing factors, are not required for splicing (Chateigner-Boutin et al. 2011 , Ichinose et al. 2012 . Although the role of E domains is still unclear, recent studies revealed that those of CRR4, CRR21 and CLB19 PPR editing factors do not contribute to RNA binding (Okuda et al. 2014 , Ramos-Vega et al. 2015 , but some PPR proteins interact through their E domains with MORF/RIP proteins (Bayer-Császár et al. 2017) . In A. thaliana, E-type OTP71 is involved in mitochondrial editing, and its E domain could be functionally replaced by that of the mitochondrial editing factor OTP72 but not by chloroplast editing factors CRR4 and CLB19 (Chateigner-Boutin et al. 2013) . MORF8/RIP1 affects editing events at both ccmF N2 -C176 and rpl16-C770 sites, which are targeted by OTP71 and OTP72, respectively (Bentolila et al. 2013) . Indeed, the moss DYW-type PpPPR_65 was shown to have potential for protein-protein interaction with the A. thaliana MORF/RIP proteins by a yeast two-hybrid assay (Schallenberg-Rüdinger et al. 2013) , supporting the idea that E domains recruit additional specific editing factors in P. patens. Fig. 4 The six amino acid region (residues 37-42) of the DYW domain involved in site-specific editing. (A) Schematic representation of 56PPR-E + 71DYW variants (m1 and m2). Blue boxes indicate the mutated region of PpPPR_56. Positions of amino acid substitutions correspond to those displayed in Fig.3A. (B) RNA editing efficiency of nad3-C230 and nad4-C272 in Á56 complemented lines with 56PPR-E + 71DYW-m1 and -m2, respectively. Average editing efficiencies in independent transformants are shown below. 
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Materials and Methods
Plant materials and culture conditions
The moss P. patens was grown at 25ºC under continuous light, as previously described (Ichinose et al. 2012) . BCDATG medium was used for regular culturing of protonemata. Procedures to obtain moss lines PpPPR_56 KO (Á56-22) and PpPPR_71 KO (Á71 6-11) have been previously described (Ohtani et al. 2010 ).
Plasmids and moss transformation
The PCR primers used in the present study are listed in Supplementary Table S2 . For the in vivo complementation assay of PpPPR_56 and PpPPR_71 KO mosses, fulllength PpPPR genes containing the native stop codon were amplified from genomic DNA. Resulting amplicons were then cloned into the SwaI site of the overexpression vector p9WmycH13 (Ichinose et al. 2012) , and the resultant plasmids were named p56FL and p71FL, respectively. For constructing PpPPR proteins lacking their E/DYW domains, DYW domain or C-terminal DYW triplets, truncated genomic sequences of PpPPR proteins were amplified and cloned into p9WmycH13. Deletion of the E domain and the introduction of point mutations into the DYW domain were carried out by site-directed mutagenesis PCR using PrimeSTAR GXL polymerase (TaKaRa).
For the chimeric PpPPR_56, in which the original DYW domain of PpPPR_56 was replaced by that of other PpPPR proteins, PpPPR_56 lacking a DYW domain was amplified by PCR using reverse primers containing the NruI site, and then cloned into p9WmycH13 to generate p56ÁDYW-NruI. The various DYW domains were obtained by PCR and cloned into the NruI site of p56ÁDYW-NruI. The swapping constructs of the E domain or partial DYW domain were generated using the InFusion cloning system (Clontech). The resulting plasmids were linearized by NotI and introduced into Á56-22 or Á71 6-11 KO lines by particle bombardment or polyethylene glycol-mediated DNA transformation (Nishiyama et al. 2000 . Hygromycin-resistant mosses were selected and transformants were confirmed by PCR. The expression of transgenes was confirmed by RT-PCR.
Analysis of RNA editing
Total RNA was isolated from 4-day-old protonemata using ISOGEN II (NIPPON GENE), and treated with DNase I (TaKaRa). Reverse transcription was carried out using ReverTra Ace (TOYOBO) from 1 mg of DNA-free RNA primed with random hexamers. Amplified products, including the editing sites, were purified and sequenced directly as previously described (Ichinose et al. 2013) . Editing efficiency was calculated by the ratio of T and C peak height.
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